Abstract. The MYC oncogene is directly involved in the proliferation, metabolism, progression and distant metastasis of breast cancer. Since metastatic spread to the lymph nodes is often the first indication of propensity for metastatic dissemination, the MYC status in nodal disease may represent a decision-making variable. However, the analysis of MYC expression in stromal cells, namely cancer-associated fibroblasts (CAFs), which are known to play a critical role in cancer progression, remains poorly reported. The aim of this study was to determine the expression of MYC and other markers, including estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2), p53, Ki67, epidermal growth factor receptor (EGFR), phosphorylated AKT (p-AKT) and phospho-mammalian target of rapamycin (p-mTOR) by immunohistochemistry in representative samples from 80 patients with ductal infiltrative breast cancer and 43 paired compromised axillary lymph nodes allocated in tissue microarrays (TMAs). The epithelial and stromal components of primary tumors and respective lymph node metastases were separately analyzed. MYC expression (cytoplasmic and nuclear) was a frequent event in the epithelial and stromal components of the primary tumors. The epithelial cells in the nodal metastases exhibited a trend for decreased MYC expression compared to that in the primary tumors (P=0.08) but retained the original status of the primary tumors for all other markers. The stromal cells were uniformly negative for ER, PR, HER2, p53, Ki67 and EGFR. Comparison of the stromas of primary tumors and respective lymph node metastases revealed a reduced frequency of nuclear MYC in 15% of the cases (P=0.003), whereas p-mTOR followed a similar trend (P=0.09). Analyses of the possible correlations among markers revealed that epithelial nuclear MYC was associated with p53 (P=0.048). This is an original study demonstrating a significant proportion of MYC expression (nuclear or cytoplasmic), as well p-mTOR and p-AKT expression, in the epithelial and stromal components of either the primary tumor or the nodal metastases. CAFs expressing MYC may establish an angiogenic microenvironment supporting cancer survival and facilitating colonization at the nodal metastatic site.
Introduction
The MYC oncogene, which encodes a transcription factor, is directly involved in several processes that regulate cell fate. Therefore, MYC is expected to be functionally deregulated in several human neoplasias as a result of genetic and epigenetic alterations (1) . As one of the first genes found to be amplified in a significant proportion (8-37%) of breast cancer cases, MYC is considered to promote cell survival, proliferation, apoptosis, differentiation inhibition and progression in breast cancer, all of which may indirectly contribute to metastasis (2, 3) .
There is a general consensus that MYC amplification is a characteristic of aggressive breast cancer and a recent study reported that MYC regulates the expression of 13 different poor outcome cancer signatures (4) . Since lymph node status is an important factor in breast cancer staging and therapeutic options, the MYC status in compromised lymph nodes may represent a potential decision-making variable. MYC amplification and immunohistochemical staining were reported as being independent predictors of lymph node metastasis, but other studies did not report such a correlation (5) (6) (7) .
Although detailed biomarker profiles of the metastatic lesions of breast carcinomas are scarce in the literature, certain studies report a high incidence of MYC overexpression/amplification in the distant metastases of invasive ductal carcinoma (6, 8, 9) . However, whether the MYC status may change in lymph node metastases compared to that in the corresponding primary breast tumor has not been clearly determined.
Accumulating evidence suggests that peritumoral microenvironment and tumor interactions play a critical role in breast cancer growth and dissemination. Specifically activated
MYC is expressed in the stromal and epithelial cells of primary breast carcinoma and paired nodal metastases
FIORITA GONZALES LOPES MUNDIM 1 fibroblasts [cancer-associated fibroblasts (CAFs)] that are recruited into cancer tissue, are potential promoters of tumor progression (10) . However, the MYC status in the stromal cells of the breast tumor microenvironment, namely the CAFs, as well in corresponding nodal metastases, has not been extensively investigated.
The aim of the present study was to assess the expression of MYC in CAFs and epithelial tumor cells in samples of primary infiltrative breast carcinomas and paired compromised lymph nodes represented on tissue microarrays (TMAs). These data were correlated with clinical parameters and also with the expression of other markers associated with breast cancer proliferation, such as Ki67, phospho-mammalian target of rapamycin (p-mTOR), phospho-AKT (p-AKT), p53, epidermal growth factor receptor (EGFR), as well as classic predictive markers, such as estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2) receptor. We also aimed to assess whether the expression of these biological markers, either in CAFs or in tumor epithelial cells, may change in the nodal metastases compared to the corresponding primary breast cancer.
Patients and methods
Patients. We retrospectively analyzed 80 cases of patients with primary invasive breast ductal carcinoma not otherwise specified, who underwent surgery at the Hospital Samuel Libânio (Pouso Alegre, MG, Brazil) between 1997 and 2005. The mean age of the patients was 57 years (range, 23-88 years). All the cases were reviewed in relation to demographic and clinicopathological data. This study was approved by the Institutional Ethics Committee of the Hospital Samuel Libânio. The 80 suitable samples from selected cases were submitted to immunohistochemical reactions and analysis through the technique of TMA. The characteristics of the study population are summarized in Table I .
The inclusion criteria were as follows: Patients with available clinical data and with paraffin blocks and histological slides suitable for immunohistochemical reevaluation. Cases with inaccessible information were excluded. The inability to obtain information involved different stages, such as medical record not retrieved, insufficient clinical data, women who received any treatment prior to surgery for breast cancer, paraffin block not retrieved, deteriorated sample, lack of material representative of the tumor pathology and cases with carcinoma in situ and other malignancies of the breast.
Construction of TMA.
Samples from each tumor were allocated in three distinct sets of TMAs. The first exclusively contained areas of epithelial tumor component. The second TMA was built with samples of the stromal component of the tumor, in order to enable the assessment of stromal cells within the desmoplastic contingent of the carcinomas. The third TMA involved 43 cases with lymph node metastasis, with samples selected from the metastastic lesion of the major compromised lymph node.
Following preparation of the TMA blocks, 3-mm sections were collected on slides with special adhesives (Instrumedics, Inc., San Diego, CA, USA). The TMA was constructed using the Manual Tissue Arrayer I (Beecher Instruments, Inc., Sun Prairie, WI, USA).
Immunohistochemistry. Two slides from each TMA block, with sections on two levels and ~40 sections between the two, were submitted to immunohistochemical reactions. The immunohistochemical reactions were performed using the All the reactions were assessed and described separately by two independent observers who were blinded to the clinical data. Disparities between the two pathologists (AFLW and FGLM) were resolved by consensus. Results from the epithelial and stromal components were reported separately for primary carcinomas and lymph node samples. MYC expression was independently assessed in the nucleus and the cytoplasm and was considered to be positive when >10% of the cells were stained. EGFR and HER2 were assessed by the HercepTest™ (DakoCytomation) system considering membranous staining (11) . ER, PR and Ki67 were separately assessed in the nucleus of neoplastic epithelial cells and in the stromal cell populations in the primary tumors and lymph node metastases, according to the Allred and Elledge (12) system. p53, p-Akt and p-mTOR, were considered to be positive when the percentage of stained cells was ≥10%.
Statistical methods. The correlations between categorical antigen expression and other clinicopathological parameters were assessed with the Fisher's exact test or the Chi-square test, as appropriate. The Spearman's rank correlation coefficient was calculated to assess categorical antigen expression. All the statistical tests were two-sided and significance was set at P<0.05. The analyses were performed using SSPS v. 10.0 software for Windows (SPSS, Inc., Chicago, IL, USA).
Results

Immunohistochemical analysis results.
Taking into consideration that MYC immunostaining may be present within the nuclei or in the cytoplasm and the localization of MYC may affect prognosis in primary breast cancer, cytoplasmatic and nuclear MYC were scored independently, as previously described (8) .
Representative results for MYC, p-AKT and p-mTOR for tumor epithelial cells and associated fibroblasts in primary tumors and nodal disease are shown in Figs. 1 and 2. The results regarding MYC and other biological marker staining frequency as determined by immunohistochemistry in both components of primary tumors are summarized in Table II . After excluding cases with missing data, MYC protein expression (nuclear or cytoplasmic) was present in epithelial and stromal cells of the primary tumors at similar frequencies. Other biological markers were also determined in the epithelial and stromal component of the primary tumors; 42.5% of the epithelial cells were found to be ER-positive, 36.3% were PR-positive (13 of the 26 ER-positive cases were PR-negative), 21.3% were HER2-positive and 31.2% were p53-positive, while only 3.8% were EGFR-positive. The stromal cells were uniformly negative for ER, PR, HER2, p53 and EGFR in the primary tumors. The MIB-1 labeling rate of fibroblasts was always <10% and, thus, they were considered as Ki67-negative. Similar frequencies of p-mTOR and p-AKT positivity were displayed by the epithelial and stromal component of the primary tumors.
To determine whether the biological markers of proliferation were relevant to breast cancer progression, we compared the expression of these proteins in primary tumors and paired metastatic lymph nodes (n=43). In Table III , the detection frequency of biological markers in the primary tumors was compared to their detection in the paired lymph node metastasis, independently analyzing epithelia and stroma. The pattern of nuclear MYC reflected a trend to lower frequency of positive expression in lymph node epithelia compared to that in primary tumors (P=0.08). The majority of the primary tumors retained their original status regarding the standard markers in the epithelial component of the nodal metastasis. The comparison between the stromal component of the primary tumors and respective lymph nodes revealed a trend for a lower frequency of cytoplasmic MYC (P=0.09) and p-mTOR (P=0.09) expression in the lymph nodes, while the decrease in frequency of nuclear MYC in the nodal stroma was statistically significant (P=0.003).
We next evaluated whether proliferation markers in the epithelial tissue of primary tumors correlated with prognostic factors and found that Ki67 was statistically associated with high histological grade (P=0.02), number of mitoses (P=0.01) and infiltrative margins (P=0.05), while p-AKT expression in the epithelial cells was associated with advanced disease stage (P=0.04, Table IV ). Of note, the p-AKT positivity rate in stromal fibroblasts was also associated with advanced stage (data not shown, P=0.01).
In order to investigate the association between proliferation markers and molecular subtypes, a surrogate immunohistochemistry-based classifier was used (13, 14 Luminal A tumors exhibited a trend for positivity of MYC (nuclear), as compared to other subgroups (P=0.13). Ki67 expression frequency was statistically significantly associated with the others groups (Table V) .
When analyzing the possible correlations among all the proliferation markers (Table VI) in the epithelial tissues of breast carcinoma, we verified that nuclear MYC was associated with p53 (p=0.048), which in turn was associated with Ki67 (P=0.045). ER was positively associated with PR (P=0.006) and inversely associated with HER2 (P=0.002). PR was also inversely associated with HER2 (P=0.036). There were no significant correlations among the remaining markers.
Discussion
Metastatic spread to the lymph nodes is one of the predominant routes of breast cancer spread and is often the first indication of propensity for metastatic dissemination (15, 16) . Progressive tumor growth requires active proliferation of migrating tumor cells at the lymph nodes to develop into an established metastatic tumor (17) . Therefore, the elucidation of the mechanism through which cancer cells permanently colonize the lymph Table II . Frequencies of c-MYC and other biomarkers in the primary tumor components (n=80). nodes is crucial for the development of more effective treatment strategies. Previous investigators suggested a mechanism of dissemination of breast cancer cells from the primary tumor dictated by molecular changes that occur early during the course of tumorigenesis, which may be regulated by increased MYC expression, which indirectly affects the metastatic propensity of cancer cells through promoting proliferation and survival (3, 18) . Stromal fibroblasts are designed to create an environment that promotes tumor progression (19) . Moreover, there has been evidence that the proliferative activity and soluble factors secreted by stromal fibroblasts are closely associated with lymph node metastasis (20) . In addition, a clear increase of MYC expression at the RNA and protein level was detected in human telomerase-immortalized fibroblasts that gradually underwent neoplastic transformation (21) . However, to the best of our knowledge, an assessment of MYC expression in CAFs located either in the primary tumor or in matched node metastasis in human breast cancer has not yet been performed.
In this study, we detected a high frequency of MYC expression (nuclear or cytoplasmic) in the epithelial and stromal components of either the primary tumors (the majority of which were high-grade) or the metastatic nodes harvested at initial surgery. Our results are in line with those of previous studies investigating MYC gene amplification or Table IV . Correlation between biomarker expression in the epithelial component of the primary tumor and prognostic factors. Cyt, cytoplasmic; nuc, nuclear; p-mTOR, phospho-mammalian target of rapamycin; p-AKT, phospho-AKT; HG, histological grade; LN, lymph node; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2.
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protein overexpression in the epithelial component of breast cancer (6) (7) (8) (9) (22) (23) (24) . However, we were unable to identify any correlation between MYC expression and axillary lymph node positivity in our series, confirming the results of previous studies (5, 6, 25) . Although MYC stimulates cell proliferation, which is generally associated with more aggressive cancer phenotypes, playing an important role in cancer progression (3), in our analysis, MYC was not found to be associated with either Ki67 or number of mitoses in the epithelial cells of the primary tumors. MYC was also not found to be associated with proliferation markers, such as p-AKT and p-mTOR.
As regards other markers, nuclear MYC was found to be associated with p53 (P=0.048), which in turn was found to be associated with Ki67 (P=0.045). The combination of non-functional p53 and increased MYC expression may be responsible for the increased proliferation of the epithelial cells of the primary tumors (26) . A number of laboratory studies have demonstrated an estrogen-dependent expression of MYC in cell models of ER + breast cancer (8) and prior reports have identified a significant overlap in estrogen-and MYC-responsive genes, the majority of which are actively involved in cell growth (27) . In accordance, published literature suggests that MYC protein expression in carcinomas may be predictive of resistance to hormone therapy (28) . Todorović-Raković et al (6) described an association between MYC amplification and positive ER expression, which our data of MYC expression did not confirm. However, our study demonstrated that, despite MYC expression spanning accross all the intrinsic subtypes of breast cancer determined in our primary and metastatic samples, there was a tendency toward a higher MYC positivity rate in the luminal subtype, as compared to the other subtypes, although this tendency was not statistically significant (P=0.13). This result contradicts those of other studies demonstrating a clear association between MYC amplification and ER-negative or basal breast cancers (9, (29) (30) (31) . It is possible that, in luminal A tumors displaying low Ki67 scores, MYC expression reflects biological characteristics of the tumor cell population other than its proliferative state. Evidence has been provided supporting that MYC may be required for the post-transcriptional accumulation of hypoxia-inducible factor α protein in MCF7 (ER + ) breast cancer cells, leading to metabolic advantages regarding cancer cell survival (32) .
Our results have documented MYC expression, as well as mTOR and p-AKT expression, not only in tumor epithelial cells, but also in the fibroblasts associated with the primary breast tumors and nodal metastases. Baudino et al (33) previously demonstrated in mouse models that MYC is a key regulator of several cytokines involved in lymphangiogenesis, such as vascular endothelial growth factor (VEGF)-C and VEGF-D, suggesting that increased expression of MYC may provide a selective advantage for the development of nodal metastases. Fibroblasts expressing MYC may act locally at the metastatic site to facilitate colonization via the establishment of a lymphangiogenic microenvironment to support cancer survival. Moreover, a number of glucose metabolism-related genes were found to be directly regulated by MYC (34) and fibroblasts were reported to exhibit increased expression of glycolytic enzymes that may be utilized by adjacent cancer cells to facilitate growth and angiogenesis (35) . Several studies have addressed the differences in the expression of individual breast cancer markers, including ER, PR, HER2, p53 and Ki67, as well as other markers, between primary breast tumors and metastases derived from the same patient; however, the discordant rates varied widely accross studies (8, 36, 37) . In line with previous publications, we did not identify statistically significant discordant expression for any of the classical biomarkers analyzed (ER, PR, p53, Ki67 and HER2), or for the proliferative markers p-mTOR and p-AKT.
However, in nodal metastases, we observed a trend for reduced frequency of nuclear MYC expression in epithelial cells as compared to those of the primary tumors (P=0.08). In the lymph node stroma, of the 43 matched pairs, 25.5% had discordant immunohistochemical results and this decrease was statistically significant (P=0.003). There is currently no explanation regarding the significance of this finding. We may hypothesize that the reduced MYC expression frequency between primary tumors and nodal metastases in both components may reflect an adaptation to a different environment in the lymph node tissue.
In conclusion, MYC is frequently expressed in breast cancer and its expression is maintained in lymph node metastasis. Tumor stromal cells actively express MYC, either in the primary or the metastatic tumor sites. Furthermore, epithelial and stromal cells in nodal metastases exhibit similar but discretely distinct MYC expression patterns.
In conclusion, MYC expression, although highly prevalent, was not found to be correlated with breast cancer proliferation markers, such as Ki67, p-mTOR, p-AKT, p53 and EGFR, classical predictive markers, such as ER, PR and HER2, or molecular subtypes, suggesting that MYC may be involved in other pathways. Fibroblasts expressing MYC may act at the primary or metastatic site by establishing a lymphangiogenic microenvironment to optimize cancer cell survival. Our results, indicating subtle differences among the biomarkers analyzed between primary tumors and matched nodal metastases, suggest that the development of nodal metastasis may be a gradual process.
